Sexual dimorphism is reviewed and described in adult skulls of Chilotherium wimani from the Linxia Basin. Via the anal− ysis and comparison, several very significant sexually dimorphic features are recognized. Tusks (i2), symphysis and oc− cipital surface are larger in males. Sexual dimorphism in the mandible is significant. The anterior mandibular morphology is more sexually dimorphic than the posterior part. The most clearly dimorphic character is i2 length, and this is consistent with intrasexual competition where males invest large amounts of energy jousting with each other. The molar length, the height and the area of the occipital surface are correlated with body mass, and body mass sexual dimorphism is compared. Society behavior and paleoecology of C. wimani are different from most extinct or extant rhinos. M/F ratio indicates that the mortality of young males is higher than females. According to the suite of dimorphic features of the skull of C. wimani, the tentative sex discriminant functions are set up in order to identify the gender of the skulls.
Introduction
Chilotherium wimani Ringström, 1924 is a middle−sized fos− sil rhinoceros referred to the subfamily Aceratheriinae, and established on materials from Fugu, Shaanxi, China (Ring− ström 1924) ; the morphology of this species is relatively well known. Deng (2001a) described more skulls and mandibles of this species from Fugu, and Deng (2001b Deng ( , 2002 ) also dis− cussed the cranial ontogenesis and characters of limb bones of C. wimani from the late Miocene, Linxia Basin, Gansu Province. As Deng (2006) remarked, C. wimani was the most abundant taxon in the late Miocene "Hipparion fauna" of the Linxia Basin and represented a basal form among the known species of Chilotherium. The presence of sexual dimorphism in C. wimani was observed by Deng (2001b) , but only based on two skulls. Plentiful skulls of C. wimani were found in the Linxia Basin, and these materials provided us an indispens− able sample which allowed us to highlight the sexual dimor− phism of C. wimani in the late Miocene.
Sexual dimorphism is common among perissodactyls in the fossil record. Gingerich (1981) discovered sexual dimor− phism in the Eocene equoid Hyracotherium. Radinsky (1963 Radinsky ( , 1967 found sexual dimorphism in the primitive tapiroids Homogalax and Isectolophus and the hyracodontid Hyra− chyus. Coombs (1975) recognized dimorphism in the chalico− there Moropus. Fortelius and Kappelman (1993) and Antoine et al. (2004) discussed dimorphism in giant hyracodontid rhinocerotoids.
Sexual dimorphism is variable in living and extinct rhi− nos. Pocock (1945) and Groves (1982) recognized that Rhi− noceros sondaicus (the Javan rhino) and Dicerorhinus suma− trensis (the Sumatran rhino) have dimorphic incisors, but are not clearly dimorphic in body size or horn size. On the con− trary, Rhinoceros unicornis (the greater one−horned rhino) is dimorphic in body size and incisor size (Dinerstein 1991a) . Owen−Smith (1988) pointed out that Ceratotherium simum (the white rhino) is sexually dimorphic in body size and horn size whereas Diceros bicornis (the black rhino) is mono− morphic. Numerous observations about sexual dimorphism have also been made in Miocene rhinos. Osborn (1898a, b) observed skulls of Teleoceras fossiger (late Miocene, North America), Subhyracodon occidentalis and Subhyracodon tridactylum (Oligocene, North America), and pointed out that these rhinos could be identified to gender on the basis of the lower tusk morphology. He also found many other dimorphic characters in extinct rhinoceroses: for example nasals and skulls are smaller in females. Dinerstein (1991b) pointed out that male rhinoceros predominantly inflict wounds with the lower incisors (i2) and to a lesser extent with the horn. Mead (2000) concluded that significant sexual dimorphism is evident in Teleoceras major (late Miocene, North America) in terms of cranial, mandibular, and post− cranial characters. Mihlbachler (2005) described tusk and body size dimorphism in Teleoceras proterum and Aphelops malacorhinus (late Miocene, North America). Mihlbachler (2007) discussed the sexual dimorphism and mortality bias in Menoceras arikarense from Agate Springs National Mon− ument, United States (early Miocene).
Sexual dimorphism in two species of the Miocene rhinos in the Linxia Basin, Gansu, China has been noted. Deng (2005) described the sexual dimorphism of Chinese speci− mens referred to the elasmotheriine Iranotherium morgani, in which the male skull is more massive, with a larger nasal horn and stronger zygomas. Chilotherium wimani, which will be discussed in this paper, also has been mentioned pre− viously (but based on two skulls only). According to Deng (2001b) , the male C. wimani has a larger size and stronger build than the female. Many dimensions are larger in males, such as the nasal, supraorbital tubercle and the articular pro− cesses on the occipital part. Male nasal bones are thicker than in females, and the shape is different where the male has a lentoid section and female a half−lentoid section. The cranial dorsal profile of the male is strongly concave, whereas that of the female is nearly flattened. Deng (2001b) also noted that the cranial dorsal profile becomes more and more concave through ontogeny, and should be a characteristic of the male. The female occipital surface is more quadrate, while the male occipital surface is higher but narrower.
The terminology and morphological variables used in this paper follow those of Heissig (1972 Heissig ( , 1999 and Guérin (1980) . The measurements are according to Guérin (1980) and are given in mm and area in cm 2 . In addition, we also took other measurements such as the molar row length, the length, width and thickness of i2, maximal and minimal width of symphysis.
Institutional abbreviation.-HMV, Hezheng Paleozoological Museum, Gansu, China.
Other abbreviations.-M, Male; F, Female.
Material and methods
The specimens of Chilotherium wimani studied here were collected from different localities in the Linxia Basin (Fig. 1 and are housed in the Hezheng Paleozoological Museum. They are all from the middle late Miocene. A detailed field correlation indicates that these localities are from the same horizon, i.e., the middle part of the Liushu Formation, within a grey orange or yellow brown silty mudstone or muddy siltstone (Liang and Deng 2005) . Chilotherium wimani could be identified to gender on the basis of lower tusk (i2: Figs. 2, 3) . C. wimani have lost their incisors, except for the tusk−like i2. The i2 is very well devel− oped, and its cross section is a narrow and round triangle; the left and right incisors diverge from each other in curvature, pointing laterally. The i2 extends outward, upward, and then forward (Deng 2001a) . The root of the male i2 is ellipsoidal, while in the female it tends to be round. Kurtén (1969) sug− gested that, as a common observation, tusks in males were usually better developed than in females among many groups of fossil mammals, which was also pointed in extinct rhino− cerotids by Antoine (2002) and by Antoine et al. (2004) in gi− ant rhinocerotids. Mihlbachler (2005) and Prothero (2005) also concluded that the tusks were commonly dimorphic in extinct rhinos.
In our study, all materials were sexed a priori by the tusks, except for one skull in which gender was assumed on the ba− sis of symphyseal morphology. Length, width and thickness of i2 are very significant sexual dimorphic parameters (p < 0.01), in which the male/female ratios are 2.02, 1.67, and 1.25. Kurtosis and skewness indicate a slight deviation from a normal distribution, except that the measurement for the width of male i2 is the best normal distribution (Kurt = −0.13, Skew = −0.05). Length, width and thickness data of complete i2 specimens clearly contained "male" and "female" size clusters (Fig. 4A ). The length of i2 is the most dimorphic character (Table 1) . Because materials found in the Linxia Basin are lacking the postcranial skeleton and we could not identify the gender without the lower tusks, only measurements of skulls and their articulated mandibles were investigated in order to cor− relate other cranial characters with sexually dimorphic i2 and mandibular symphysis morphology. In Chinese C. wimani, the paired tusks of males are broken or worn at one or both tips in our collection, while tusks of females are always in better condition. Even so, we could still estimate the length of tusks and "sex" these materials easily.
To avoid age−related character variability, only adult spec− imens with intact structures allowing full measurements to be taken were used (age estimation is based on Liang and Deng 2005 and Hitchins 1978) . Seventy−four adult skulls with their articulated mandibles, corresponding to 41 females and 33 males, were measured. Not every measurement was accessi− ble on each skull and mandible, because of factors such as breakage, distortion, and incomplete preparation. For exam− ple, only 70 measurements of i2s and symphysis (39 females and 31 males) were used. Each measurement was taken from one side only (right or left, whichever side is less deformed) on each individual.
For each measurement, we calculated the mean, maxi− mum, minimum, standard deviation, coefficient of variation, kurtosis, skewness, Shapiro−Wilk test and used the two− tailed Student's t−test to test the significance of the dimor− phism between male and female (Tables 1-3). Correlations are treated as potentially very significant whenever p < 0.01, significant whenever p < 0.05 and not significant whenever p > 0.05. We also calculated dimorphic ratios (male value/fe− male value) from the mean of each measurement. Occipital surface area was calculated as: area = (a+b) × h/2, where a is width of occipital crest, b is width of mastoid processes and h is height of occipital surface.
Results
All sexually dimorphic characters in Chilotherium wimani are quantitative in nature (Table 2) ; there are no readily detectable presence/absence (qualitative) characters. As Kurtén (1969) serious taxonomic problems for many species or subspecies, differ mainly in size, are much more common and significant in study of fossil materials. Characteristics of the symphysis are remarkably dimor− phic. Sexual dimorphism for length of mandible, maximal and minimal width of symphysis are obvious. For the three measurements, two−tailed student's t−test indicates very sig− nificant dimorphism (p < 0.01), and the M/F ratios are 1.05, 1.19, and 1.10, respectively. Low skewness and kurtosis in− dicate that the distributions of those measurements are closer to normality than those for tusks. Maximal width of sym− physis is the most dimorphic character; height of horizontal ramus in front of p3 is also a very significant sexually dimor− phic character (p < 0.01). Fig. 4B illustrates the height of hor− izontal ramus in front of p3, length and maximal width of symphysis, showing the degree of sexual dimorphism in the anterior part of mandible (symphysis).
Via the analysis of the measurements, other very signifi− cant sexual dimorphisms are found in C. wimani, including the width of mastoid processes (p < 0.01) and height of oc− cipital surface (p < 0.01) (Fig. 5A) . The M/F ratio of the for− mer is 1.06, and the latter 1.07. Skewness and kurtosis indi− cate these measurements in both genders are not normally distributed, except the width of mastoid processes of the fe− males. Width of mastoid processes for most males ranges about 190-210 mm, while the females about 170-190 mm. Height of occipital surface for most males ranges about 115-150 mm, while the females about 110-130 mm. The sexual dimorphism in occipital surface area is also very sig− nificant (Fig. 5B) .
Furthermore, there are some significant dimorphic char− acters. M/F ratios of antero−posterior diameter of the ascend− ing ramus and length of mandible are 1.02 and 1.03, but both p < 0.05. Length of the mandibles for most males ranges about 450-480 mm, while those for females ranges about 420-480 mm. Antero−posterior diameter of ascending ramus for most males ranges about 135-155 mm, while in females the range is 130-150 mm. Skewness and kurtosis indicate better normal distribution, except the antero−posterior diam− eter of ascending ramus of female. Fig. 5C shows the degree of sexual dimorphic for the posterior part of mandible using minimal width of symphysis and length of mandible.
Mean values of males for distance between nasal notch and orbit, width of occipital crest, width between lacrimal tubercles, maximal width between zygomatic arches and height of horizontal ramus in front of p4 are larger, while dis− Table 2 ).
Discussion
Sexual selection is generally believed to be the principal cause of sexual dimorphism. The difference between the genders is influenced by the relative investment of the sexes. Dinerstein (1991b) pointed out that rhinoceros males pre− dominantly inflicted wound with the lower incisors (i2), and this fight−related mortality seemed to be prevalent in extant rhino populations. Mihlbachler (1999 Mihlbachler ( , 2003 inferred social behaviors for Teleoceras proterum and Aphelops malaco− rhinus from attritional fossil assemblages from the Love Bone Bed and Mixon's Bone Bed localities in Florida, United States, and considered the damage of tusks contribut− ing to combat. Based on these inferences, fight−related mor− tality for male Chilotherium wimani was probably one of the causes of death in the Linxia Basin assemblage. The tusks of male C. wimani are larger and usually broken and/or more worn than those of the female; the interpretation of these phe− nomena might be the increased agonistic interactions among the males during sexual combat. In C. wimani, the sexually dimorphic characters of the mandibular bone should be related to the huge tusks in the male and smaller tusks in the female. Robusticity of the man− dible in males is plausibly linked to supporting the huge tusks. Deng (2001a) noted that, in dorsal view, the mandibu− lar symphysis became a particularly broad shovel and its pos− terior border was at the p3 level. The root of i2 influenced the height of horizontal ramus in front of p3 reciprocally, so this was also a very significant sexually dimorphic character. Height of the horizontal ramus in front of p4 is also deeper in males and M/F ratio could be found for this character but it is not significantly dimorphic. Comparing the degree of sexual dimorphism in the tusks (i2s), the shovel symphysis and the posterior part of mandible, the morphological changes asso− ciated with a larger i2 in males are the highly sexually dimor− phic regions in the mandible; the ascending ramus in the pos− terior mandible is not as sexually dimorphic.
A robust mandible presumably needs muscularity and a thick ascending ramus. Masseter (from zygomatic arch to as− cending ramus), buccinators (from ascending ramus to anguli oris and orbicularis oris) and zygomaticus (from zygomatic arch to anguli oris) in male should be sturdier. Greater size of these muscles is presumed to be reflected in a stronger ascend− ing ramus and zygomatic arch. Antero−posterior diameter of the ascending ramus is significantly larger in male. The mean maximal width between zygomatic arches is larger in males, but not significantly so. Larger maximal width between zygo− matic arches and width of mastoid processes indicate males having wider and more massive skulls. A more powerful neck musculature was probably present to support the massive skull and robust mandible in males.
Body mass should also be dimorphic between sexes in C. wimani. Large occipital surface area indicates a massive skull and robust neck, correlated with large body mass. Janis (1990) explained that the height of occipital surface (distance between the base of foramen magnum and the top of the oc− cipital region) showed one of the best correlations with body mass in perissodactyls (r 2 = 0.971). However, none of Chilo− therium body weight has been estimated via the height of oc− cipital surface (in our study, distance between the crest of fo− ramen magnum and the top of the occipital region) or occipi− tal surface area. There is a positive correlation among higher occipital surface, larger occipital surface area and larger body mass. Therefore, it can be assumed that there was sex− ual dimorphism in body mass to some extent. We measured the length of a sample of upper molars (Fig. 5D ), which showed another strong correlation with body mass in all ungulates (r 2 = 0.92, Janis 1990). The body mass for both genders of C. wimani could be compared through this proxy: males have larger body mass than females, though not highly significant.
In the elasmotheriine Iranotherium morgani, as Deng (2005) mentioned, one qualitatively dimorphic character is present: the male has a hemispherical hypertrophy on zygo− matic arches while the female has no such structure. Compar− ing genders of I. morgani, Deng (2005) found additional sex− ually dimorphic characters in the nasal born boss, the zygo− matic arch and the anterior part of the nasals, and considered those differences to be functions of the larger horn boss in the male and the smaller in the female. The nasal horn boss of the male is much rougher and implies a larger horn than that of the female. Prominent rugosities on a rhino's skull are gener− ally considered to be horn bosses, as they are associated with the terminal nasal horn (Qiu and Yan 1982; Ginsburg and Heissig 1989; Antoine, 2002; Deng 2005) . The sexually di− morphic characters of the male and female skulls of I. mor− gani show that the male skull is more massive and robust, with a larger nasal horn and stronger zygomas. These fea− tures, especially the huge nasal horn, could be used for de− fense or competition for mating right. I. morgani shows higher degrees of sexual dimorphism in these aspects than any of the extant rhinoceros species, but the sexual dimor− phism of body mass in I. morgani is still unknown.
In Teleoceras major, as Mead (2000) mentioned, the most significant dimorphic feature is i2 diameter. Osborn (1898a) already speculated that Teleoceras males had larger tusks than females. The width of the mastoid processes, dis− tance between nasal tip and occipital crest, length of mandi− ble, and height of jaw at the condyle are also larger in the male. Mead's (2000) analysis indicates that differences are significant for those characters. Male means are larger in all cranial and mandibular characters that Mead (2000) mea− sured, except the angle of the mandibular symphysis. In Chilotherium wimani, the sexual dimorphism in the length of the mandible is partially attributable to the enlarged i2 in males. Size−range overlap is evident in all mandibular char− acters except in i2 diameter in Teleoceras major, while in Chilotherium wimani, only the length of i2 crown is diagnos− tic. The sexually dimorphic characters show that T. major males have more massive heads than females, and probably, just like C. wimani, necks as well. Estimates of body mass, based on non−length long−bone dimensions, suggest an M/F value between 1.13 and 1.23 in T. major.
In the extant rhinos, the difference between genders is variable. Rhinoceros sondaicus and Dicerorhinus sumatren− sis have dimorphic characters in incisors rather than in body mass or horn size, while Diceros bicornis is monomorphic (Pocock 1945; Groves 1982; Owen−Smith 1988) . Cerato− therium simum is sexually dimorphic in horn size, body and neck mass (Owen−Smith 1988; Berger 1994) , and adult males C. simum are estimated to be about 25-43% heavier than females (Owen−Smith 1988) . Rhinoceros unicornis is dimorphic in incisor size, body mass and neck musculature, and adult male R. unicornis can be 1,000 kg heavier than fe− males in captivity but essentially a slightly larger version of females in the wild (Dinerstein 1991a) .
As Liang and Deng (2005) demonstrated, the age struc− ture pattern of the C. wimani fossils found in the Linxia Basin was consistent with that of a living population, and a natural catastrophe was the likely cause of death. C. wimani fossils found in the Linxia Basin were mostly preserved en masse. They are dominant in number of individuals in all sites of the Linxia Basin's late Miocene Hipparion fauna, indicating that they are most likely herding mammals. Trivers (1972) sur− mised that the stronger the dimorphism in a species, the more likely it is to be polygynous, and he though that was a gener− ally concept in behavioral ecology. Applying this concept to C. wimani, the observed degree of sexual dimorphism tends to indicate the presence of polygyny in the Linxia Basin populations.
The cranial and mandibular dimorphism in C. wimani ap− proaches that seen in the extinct Iranotherium morgani from China, T. major from North American and the extant C. simum and R. unicornis. In China, I. morgani is known from only a few materials (Deng 2005) . The extant rhinoceros R. unicornis are typically solitary and rarely form small tempo− rary groups, while C. simum always form small groups (Sheng 1985) (Table 4) . Mead (2000) suggested that ecologi− cal analogues rather than closest living relatives may provide the best models for exploring the expected degree of sexual dimorphism in extinct taxa and the ecological affinity of T. major was similar to extant Hippopotamus amphibius rather than extant rhinoceros species. On the contrary, Mihlbachler (2005) denied the popular belief that Teleoceras was ecolog− ically or behaviorally convergent upon Hippopotamus or other large herding artiodactyls.
As Mazak (2004) in areas where the ratio between breeding−age males and fe− males is close to or exceeds parity with males greatly over− represented (Dinerstein 1991a) . Berger (1994) mentioned that evidence from many sexually dimorphic mammals indicated that males experience greater mortality than females. Young male C. wimani mortality, just like some living mammals, might have been higher than females. A reason for this might be the presence of competition with adult or the danger from predatory mammals. From the analysis, it can be found that most non−dimor− phic characters are more variable in females than in males. Among the very significant dimorphic characters, only the length of symphysis follows this trend. This might indicate that males tend to invest their energy to develop secondary characteristics utilized in combat; while in female, emphasis is absent and variation exists in most other characters. In these sexually dimorphic mammals, males apparently invest large amounts of energy into competing with other males for mating right or leadership, thus a selective pressure will pro− mote the evolution of dimorphic traits.
C. wimani can be "sexed" easily by the mandible. How− ever, more isolated skulls were found in the Linxia Basin. Even those very significant characters in skulls, like the width of mastoid processes and height of occipital surface, cannot be used to "sex" those skulls, because of the high de− gree of overlap in these characters between the sexes. Ac− cording to the morphology of the skull of C. wimani, ten− tative sex discriminant functions are set up by Bayes dis− criminant analysis in order to identify the gender of the skulls (Table 5 ). The discriminant functions and its classification results are: Y1 = −332 + 1.741X 1 + 1.771X 2 + 0.461X 3 + 0.327X 4 Y2 = −371.782 + 1.925X 1 + 1.972X 2 + 0.413X 3 + 0.241X 4 X 1 = width between mastoid processes; X 2 = height of occipi− tal face; X 3 = distance between nasal tip and bottom of nasal notch; X 4 = cranial height in front of M1.
When Y1 > Y2, the skull should be a female, otherwise be male. In this function, 87.9% of original grouped cases are correctly classified, and 81.8% of cross−validated grouped cases are correctly classified. If these four characters can be measured, we can infer the likely sex of the individual. Al− though the gender of skulls cannot be identified exactly, the discriminant functions should be a better way and grope to distinguish large samples for paleoecological work. 
